Rationale Although reports of dextromethorphan (DXM) abuse have increased recently, few studies have examined the effects of high doses of DXM.
Introduction
Dextromethorphan (DXM) is a widely available over-thecounter cough suppressant (e.g., Robitussin®, Coricidin®) that has been used for more than 40 years (Bem and Peck 1992) . The first documented cases of abuse occurred in the mid-1960s, followed by sporadic reports of DXM abuse worldwide (Bem and Peck 1992) . Over the last 10 years, there has been a sharply accelerating number of reports of high dose DXM abuse confirmed by survey and epidemiological data both in the USA and internationally (Ziaee et al. 2005; Banken and Foster 2008; Romanelli and Smith 2009; Forrester 2011; Wilson et al. 2011) . DXM abuse, sometimes referred to as "dexing" or "robotripping" appears to be most frequent in adolescents and young adults (Boyer 2004; Bobo et al. 2005; Falck et al. 2006; Bryner et al. 2006) .
In vitro studies suggest that the primary mechanism of action of DXM is blockade of excitatory amino acid Nmethyl-D-aspartate (NMDA) receptors (Church 1990; Church et al. 1994) . This mechanism of action is similar to phencyclidine (PCP) (Morris et al. 2005; Newell et al. 2007) and ketamine (Sinner and Graf 2008) and is consistent with binding studies showing that DXM inhibits the binding of [3H] PCP to rat brain synaptic membranes (Murray and Leid 1984) . Dextrorphan (DXO), one of the primary metabolites of DXM, also binds to the NMDA receptor, but with greater affinity than DXM (Franklin and Murray 1992; Parsons et al. 1995; Werling et al. 2007 ).
DXM has three major metabolites: DXO, 3-hydroxymorphinan, and 3-methoxymorphinan (Barnhart 1980) . It is likely that both the parent drug DXM and its primary metabolite DXO are responsible for the drug's psychoactive effects. However, the relative contribution(s) of each compound to DXM's overall behavioral profile is not clear. Both DXM and DXO are self administered in PCP-trained monkeys, although DXM appears to be a less robust reinforcer than DXO (Nicholson et al. 1999; Young et al. 1981) . Drug discrimination studies in rodents have shown that both DXM and DXO substitute for the stimulus effects of PCP (Nicholson et al. 1999 ) and that PCP substitutes for DXM in DXM-trained animals (Holtzman 1994) . In monkeys, however, DXM does not always substitute for the PCP stimulus cue (Holtzman 1982; Nicholson et al. 1999 ). In addition, human studies suggest that the subjective effects of DXM and DXO differ, and individual differences in DXM metabolism may account for the wide variability in response to recreational doses of DXM (Zawertailo et al. 1998 (Zawertailo et al. , 2010 . Taken together, the human and non-human data suggest that both DXM and DXO are psychoactive and that each might contribute to the behavioral effects experienced by recreational DXM users.
Several websites provide dosing information and specific instructions on the extraction of DXM from over-thecounter preparations (e.g., www.dextroverse.org) for psychoactive use. User-submitted "trip reports" are also displayed on popular websites describing the effects of supratherapeutic doses of DXM. These reports often describe effects similar to classic hallucinogens (i.e., serotonergically mediated hallucinogens such as psilocybin, LSD, and mescaline) including euphoria, feelings of merging with inanimate objects, and "dream-like" experiences (e.g., www.erowid.org). Although speculative, the apparently similar subjective effects produced by DXM and classic hallucinogens are consistent with the hypothesis that both serotonergic and glutamatergic neurotransmitter systems may be involved in the profile of perceptual, cognitive, and mood-altering effects of a variety of hallucinogen-like compounds including dissociative anesthetics like ketamine and PCP and, more specifically, that serotonergically mediated hallucinogens may exert some of their effects via increasing cortical glutamatergic synaptic activity (Aghajanian and Marek 1999; Fantegrossi et al. 2008; Nichols 2004; Vollenweider and Kometer 2010; Fribourg et al. 2011) .
Given the increase in high dose DXM abuse, it is notable that very few studies have evaluated the subjective and behavioral effects of high doses of DXM. Moreover, studies that have examined the effects of DXM in human participants have not investigated doses in the range that are frequently abused (e.g., 400-1,000 mg/70 kg). Previous studies that examined lower doses of DXM (140 mg/ 70 kg) in alcoholics reported ethanol-like subjective effects and mild craving for alcohol Soyka et al. 2000) . Larger doses of DXM (210-420 mg/ 70 kg) in recreational drug users increased ratings of liking and good effects, which are indicative of abuse liability (Zawertailo et al. 1998) .
The aim of the present study was to examine the comparative clinical pharmacology and abuse liability of DXM and triazolam using a variety of physiological, subjective, and behavioral measures. Single, acute doses of DXM (100, 200, 300, 400, 500, 600, 700 , and 800 mg/70 kg), triazolam (0.25 and 0.5 mg/70 kg), and placebo (lactose) were administered to 12 hallucinogen-experienced volunteers under double-blind conditions. The sedative-hypnotic triazolam was selected as an active comparator because of the aforementioned research showing sedative (i.e., alcohol-like) effects of lower DXM doses and because these doses of triazolam have been well characterized in previous abuse liability studies (e.g., Carter et al. 2006 Carter et al. , 2009 Griffiths and Johnson 2005; Mintzer and Griffiths 2005) .
Materials and methods

Participants
This study was approved by the Institutional Review Board of Johns Hopkins University School of Medicine. Participants gave their written informed consent before beginning the study and were paid for their participation. The 12 participants (9 males) had a mean age of 27.5 years (range 20-40 years). All were medically and psychologically healthy and had a history of hallucinogen use. Ten participants were Caucasian (83 %), one was African-American, and one was Asian-American. All volunteers reported past use of LSD (range 2-500 lifetime uses, mean 58.2 uses, median 10 uses) and psilocybin (range 4-60 lifetime uses, mean 21 uses). Seven of the 12 volunteers had used DXM previously for recreational purposes (range 1-10 lifetime uses, mean 4.8 uses), and 3 of the 12 had experience with either PCP or ketamine. Use of other hallucinogen-like drugs included Salvia divinorum (8 of 12 participants, range 1-15 lifetime uses, mean 4.3 uses) and MDMA (6 of 12 participants, range 1-25 lifetime uses, mean 8.8 uses, median 3 uses).
Individuals were excluded from participation if they had a history of substance dependence according to DSM-IV-TR criteria (excluding nicotine or caffeine), were pregnant or nursing, had a current significant medical condition, or had a contraindication to receiving sedatives or anesthetics. A detailed psychiatric history was taken during the screening interview to exclude individuals with a personal or immediate family history of schizophrenia, bipolar affective disorder, delusional disorder, paranoid disorder, or schizoaffective disorder.
General procedures
Throughout the study, general safety guidelines applicable to the study of high doses of classic hallucinogens were observed (Johnson et al. 2008) . Sessions took place in an aesthetic living room-like environment. For most of the time during the sessions, participants were instructed to lie down on a couch while wearing an opaque eyeshade and headphones through which a pre-selected classical and world music program was played. Participants were encouraged to focus their attention on their inner experiences while not engaged in tasks.
After completing screening procedures, eligible individuals participated in a maximum of 11 sessions lasting 6 to 8 h each and a final follow-up session lasting 8 to 9 h. Sessions were separated by at least 48 h. Participants were informed in the consent form that during the study they could receive placebo or doses of 17 psychoactive drugs from a variety of drug classes. Dextromethorphan and triazolam were among the drugs listed.
Prior to the first experimental session, the primary monitor and one assistant monitor met with each participant on two occasions before the first drug session (about 8 h total meeting time). The purpose of the meetings was to develop rapport and trust with participants and minimize the risk of adverse drug reactions (Johnson et al. 2008) . During the meetings, participants also practiced the experimental tasks. Participants were instructed that on experimental session mornings, they should consume a low-fat breakfast and their usual amount of caffeine before arriving at the laboratory. They were told to refrain from using any drugs other than non-prescription pain relievers, tobacco, and caffeinated products while enrolled in the study. On each session before drug administration, participants' urine was tested for recent use of cocaine, benzodiazepines, and opioids using an EMIT system (Syva Co., Palo Alto, CA, USA), and participants' expired air was tested for alcohol using a breathalyzer test. Female participants were required to provide a negative result on a urine pregnancy test before the beginning of each session.
Various measures were assessed before capsule administration and repeatedly after administration, as described below. Other measures (e.g., Hallucinogen Rating Scale, States of Consciousness Questionnaire, and the Pharmacological Class Questionnaire) were completed approximately 7 h after capsule administration when acute drug effects had resolved.
During the study, participants could receive a maximum of 11 different treatment conditions over 11 experimental sessions (placebo, 0.25 and 0.5 mg/70 kg triazolam, and 100, 200, 300, 400, 500, 600, 700, and 800 mg/70 kg DXM). The order of the three types of conditions (triazolam, DXM, and placebo) was counterbalanced across participants. Within each type of drug condition, the sequence of the doses was ascending, and dosing with triazolam or DXM was completed before proceeding to another type (e.g., both doses of triazolam were administered before proceeding to DXM dosing and vice versa). The ascending sequence was used to determine the maximum dose of DXM that could be safely tolerated by individual participants and to avoid adverse events. Higher doses were not given if the participant failed to complete both a psychomotor task (e.g., the Circular Lights task) and a computer task (e.g., the Subjective Effects Questionnaire) at any single time point during a session, or if either the participant or the investigator considered higher doses to be inadvisable.
Measures assessed repeatedly during the session
Blood pressure and heart rate Blood pressure and heart rate were obtained before capsule administration and at 120, 240, and 360 min after administration. Blood pressure (systolic, diastolic, and mean arterial pressure using the oscillometric method with the blood pressure cuff placed on the arm) and heart rate were monitored using a Non-Invasive Patient Monitor Model 507E (Criticare Systems, Waukesha, WI, USA).
Monitor rating questionnaire Before capsule administration and at 30, 60, 90, 120, 180, 240, 300 , and 360 min after administration, a session monitor completed the Monitor Rating Questionnaire, rating 16 dimensions of the participant's behavior or mood (dimensions are shown in Electronic Supplementary Table 1 ). This questionnaire was similar to the Monitor Rating Questionnaire used in previous studies of the hallucinogen psilocybin 2011) . The dimensions, expressed as peak scores in Electronic Supplementary Table 1 , were rated on a fivepoint scale from 0 to 4. The final version of this questionnaire was developed after initiation of the study and was used to evaluate the 10 participants enrolled thereafter.
Psychomotor performance measures: balance and circular lights These tasks were completed before capsule administration and at 120, 240, and 360 min after administration. The Balance task (Carter et al. 2006 ) involved balancing on one foot with eyes closed. The score was the number of seconds summed across both feet (60 s total). The Circular Lights task is a hand-eye coordination task (Mumford et al. 1995) . The score was the number of correct presses (i.e., lights extinguished) in 60 s.
Subjective effects questionnaire This computer-presented questionnaire was completed at baseline (i.e., time 0) and at 120, 240, and 360 min after capsule administration. It consisted of rating 36 items (e.g., "Do you feel a drug effect"?, "Do you feel light-headed"?) on a visual analog scale. Participants were instructed to rate how they felt at the current time by using a computer mouse to click a location along each of 36, 100-mm lines anchored on opposite ends with the labels "no, not at all" and "yes, very much", respectively.
Cognitive performance measures Various cognitive effects measures were also assessed throughout the study. These results will be reported in a separate publication.
Measures assessed at the end of the session, approximately 7 h after capsule administration
Pharmacological class questionnaire This questionnaire, modified from Rush et al. (1999) , listed descriptive titles and examples of 18 classes of psychoactive drugs (see Table 2 for details). Participants were instructed to choose the drug class that most closely represented the drug effect that they experienced during the session. Then participants completed a series of visual analog scales rating how similar that day's drug effect was to specific drugs from the previously identified drug classes. For example, participants were asked "How much did today's drug effect feel like a CLASSIC HALLUCINOGEN (LSD, acid, psilocybin magic mushrooms, 2C-B, foxy-methoxy, DMT, ayahuasca, mescaline, peyote)." Participants were required to click a location along a 100-mm line anchored on opposite ends with the labels "no, not at all" and "yes, very much", respectively.
Mysticism scale This 32-item paper questionnaire which was developed to assess naturally occurring primary mystical experiences has been extensively studied, shows cross-cultural generalizability (cf. chapter on Mysticism in Hood et al. 2009 ), and has previously been shown sensitive to psilocybin 2011) . A total score and three factors are measured: interpretation, introvertive mysticism, and extrovertive mysticism. Items were rated on a nine-point scale ). Participants were instructed to complete the questionnaire with reference to their experiences since they received the capsules that morning.
States of consciousness questionnaire This 100-item paper questionnaire assessing possible hallucinogen experience content is rated on a six-point scale [0 0 none, not at all; 1 0 so slight, cannot decide; 2 0 slight; 3 0 moderate; 4 0 strong (equivalent in degree to any previous strong experience or expectation of this description); and 5 0 extreme (more than ever before in my life and stronger than 4)]. Forty-three items are mystical experience items (previously referred to as the Pahnke-Richards items), which were shown sensitive to several classic hallucinogens including psilocybin (Turek et al. 1974; Richards et al. 1977; Griffiths et al. 2006; 2011) . These items assess seven domains of mystical experiences: internal unity, external unity, sense of sacredness, noetic quality, transcendence of time and space, deeply-felt positive mood, and paradoxicality and ineffability. Data on each scale were expressed as a percentage of the maximum possible score. As in previous studies (Pahnke 1969; Griffiths et al. 2006; 2011) , criteria for designating a volunteer as having had a "complete" mystical experience were that scores on each of the following scales had to be at least 60%: unity (either internal or external, whichever was greater), sense of sacredness, noetic quality, transcendence of time and space, positive mood, and ineffability. The remaining 57 items in the States of Consciousness Questionnaire served as distracter items.
Hallucinogen rating scale (HRS) This 99-item questionnaire consists of six subscales assessing hallucinogen effects (intensity, somaesthesia, affect, perception, cognition, and volition). All six subscales of the HRS are increased by several different types of hallucinogens including intravenous N,N-dimethyltryptamine (Strassman et al. 1994) , oral ayahuasca (Riba et al. 2001) , oral psilocybin 2011) End of day rating of liking the experience One question in the HRS asked volunteers to rate "Like the experience" on a five-point scale: 0 0 not at all; 1 0 slightly; 2 0 moderately; 3 0 very much; 4 0 extremely. In addition to being scored as part of the HRS, this rating was also analyzed separately to provide an overall end of day assessment of liking.
Measures assessed 1 month after drug administration
Approximately 1 month after the final drug/placebo session, participants returned to the research facility for an 8h session to permit phenotyping of CYP2D6 metabolizer status and to complete the Persisting Effects Questionnaire.
Persisting effects questionnaire This 143-item paper questionnaire (Griffiths et al. 2011 ) assessed persisting changes in attitudes, moods, behavior, and spiritual experience that volunteers attributed to their experiences during the sessions. Most items were rated on a six-point scale (0 0 none, not at all; 4 0 strong; and 5 0 extreme, more than ever before in your life and stronger than 4) and they addressed six categories: attitudes about life, attitudes about self, mood changes, relationships, behavioral changes, and spirituality. Scores in each category were expressed as the percentage of the maximum possible score. Three additional questions were: (1) How personally meaningful was the experience? (rated from 1 to 8, with 1 0 no more than routine, everyday experiences; 7 0 among the five most meaningful experiences of my life; and 8 0 the single most meaningful experience of my life). (2) How spiritually significant was the experience? (rated from 1 to 6, with 1 0 not at all; 5 0 among the five most spiritually significant experiences of my life; 6 0 the single most spiritually significant experience of my life). (3) Did the experience change your current sense of personal wellbeing or life satisfaction? (rated from −3 to +3, with −3 0 decreased very much; 0 0 no change; +3 0 increased very much).
Phenotyping of DXM metabolism During the 8-h follow-up session, a very low, oral dose of DXM was administered (25 mg), and an 8-h total urine collection was performed according to previously described procedures (Schmid et al. 1985) to identify poor or fast metabolizers of DXM (Vengurlekar et al. 2002) .
Drugs
Drugs and placebo were orally administered in size 0 aquacolored opaque capsules with approximately 200 ml of water. Four identical capsules were administered in each drug session containing lactose monohydrate (Ruger Chemical Company, Linden NJ, USA) and appropriate quantities of powdered dextromethorphan hydrobromide (Spectrum Chemical, Gardena, CA, USA) or triazolam tablets (Halcion; The Upjohn Company, Kalamazoo, MI, USA). Doses of dextromethorphan are expressed as the salt.
Data analysis
Dextromethorphan data presentation The maximum tolerable dose of DXM varied across the 12 volunteers; stop point doses ranged from 400 to 800 mg/70 kg. For these stop point sessions, the missing data on the stop point sessions precluded calculating maximum or "peak" scores for subjective effects assessments. Circular Lights and balance tasks were scored as "0" if a volunteer was too impaired to complete the task. "End of session" assessments were obtained for all sessions completed. The maximum dose of DXM was defined as the highest dose of DXM administered to that volunteer (i.e., the stop point dose) and the penultimate dose was the one preceding it (i.e., 300-700 mg/kg).
Data were analyzed using repeated measures regression models in SAS PROC MIXED (SAS Institute Inc., Cary, NC, USA) which take into account the covariance structure of the repeated measures and handle missing data better than traditional ANOVA models (Wolfinger and Chang 1995) . The implementation in PROC MIXED is preferable to GEE models for datasets with small to moderate numbers of participants. We report type III tests of fixed effects.
For the time-course data, planned comparison t tests were conducted between placebo and active doses at each time point. Analyses of peak effects and end of day measures used an exchangeable covariance structure; analyses of time-course data used an AR(1) covariance structure. For peak effects on Subjective Effects Questionnaire items and monitor ratings, the maximum value observed after drug administration for each participant was used. For the Balance and Circular Lights measures, peak effect for each participant was defined as the minimum value observed after drug administration. Because there was no predicted direction of the effects on cardiovascular measures, peak effects were examined for both maximum and minimum values observed after drug administration. Peak effect and end of session measures were analyzed first with placebo, 0.25 and 0.5 mg/70 kg triazolam, and 100-300 mg/70 kg DXM doses. Higher doses were not included in this analysis because some participants did not complete all the assessments at higher doses or did not receive some of the higher doses. For peak effects on Subjective Effects Questionnaire items, a second analysis used placebo, 0.25 and 0.5 mg/70 kg triazolam, and the penultimate DXM dose; for all other measures, a second analysis used placebo, 0.25 and 0.5 mg/70 kg triazolam, and penultimate and maximum DXM doses. For all the peak effect and end of session measures, Fisher's LSD post hoc tests were used to compare placebo with the active doses. The mean ± standard error of the mean (SEM) is presented throughout. Statistical tests were considered significant at p≤0.05.
Results
In this ascending dose-sequence design, all participants received placebo, two doses of triazolam (0.25 and 0.5 mg/ 70 kg), and at least four doses of DXM (100, 200, 300, and 400 mg/70 kg). The highest dose of DXM administered varied across participants (400 mg/70 kg, n02; 500 mg/70 kg, n02; 600 mg/70 kg, n04; 700 mg/70 kg, n02; 800 mg/70 kg, n02). Two of the 12 volunteers received all doses of DXM. Seven volunteers reached their stop point because of significant behavioral impairment. Two volunteers reached their stop point because the investigator judged administration of higher doses to be inadvisable. One volunteer reached a stop point because the participant would not want to receive that drug dose again. and effects decreasing at the 6-h time point. At the penultimate dose, DXM produced numerically higher participant ratings of drug effects than the highest dose of triazolam.
Although the time to peak psychomotor effects was similar, DXM produced longer lasting deficits on Balance and Circular Lights than triazolam. The highest doses of DXM sometimes produced complete impairment of Circular Lights and Balance measures (i.e., the volunteer was unable to perform the task and thus scored a "0" for that assessment period). At the penultimate and maximum doses of DXM, deficits in Balance and Circular Lights performance were still apparent at the 6-h assessment.
Peak effects on measures assessed repeatedly during the session
Blood pressure and heart rate Peak maximum effects on cardiovascular measures are shown in Electronic Supplementary Table 1 , available online. DXM produced orderly, significant, and dose-related increases in systolic and diastolic blood pressure (20.8 and 14.6 mmHg, respectively, at the maximum dose). In contrast, triazolam (0.25 and 0.5 mg/ 70 kg) showed small but significant decreases on systolic blood pressure and had no significant effects on diastolic blood pressure. Heart rate was significantly increased at the two highest DXM doses (26 beats/min at the maximum dose) and at the 0.5 mg/70 kg dose of triazolam (10.2 beats/min). Separate analyses of peak minimum cardiovascular effects generally showed smaller magnitude effects in the same directions for both drugs, with no significant effects of triazolam on systolic blood pressure.
Psychomotor performance Both DXM and triazolam impaired peak performance on the Balance and Circular Lights tasks ( Fig. 2 ; Electronic Supplementary Table 1 ). Although these effects were dose-related for both drugs, the DXM dose-response curve on Circular Lights was relatively flat until the maximum dose was administered. Performance on the Balance task, in contrast, was significantly and dose-dependently decreased at lower DXM doses (100-300 mg/70 kg).
Monitor ratings Both DXM and triazolam increased peak monitor ratings of overall drug effect and motor impairment (Electronic Supplementary Table 1 Two of the 12 volunteers vomited after receiving 300 mg/ 70 kg DXM. Seven of the 12 volunteers vomited after receiving a dose of 400 mg/70 kg DXM or greater (6 of 12 at 400; 2 of 10 at 500; 3 of 6 at 600; 1 of 3 at 700; and 2 of 2 at 800 mg/70 kg DXM). Although we cannot rule out the possibility of incomplete absorption after vomiting, vomiting typically occurred 90 min or longer after capsule administration, making it unlikely that significant amounts of DXM were purged before being absorbed. Vomiting at lower doses of DXM did not always predict vomiting at higher doses (e.g., three volunteers that vomited after 400 mg/70 kg DXM did not vomit at 500 mg/70 kg DXM).
Measures assessed at the end of the session, approximately 7 h after capsule administration
Pharmacological class questionnaire End of session rating of liking the experience Triazolam did not increase end of session liking ratings, whereas DXM produced dose-related increases in liking, with significant effects at the penultimate and maximum DXM doses (Table 3) .
Hallucinogen rating scale DXM showed significant and generally dose-related increases on all six subscales of the HRS (Table 3) . These effects included perceptual changes (e.g., visual and auditory hallucinations, illusions, and synesthesias), mood changes (e.g., feelings of transcendence, grief, joy, and/or anxiety), and cognitive changes (e.g., sense of meaning and/or ideas of reference). In contrast, the highest dose of triazolam (0.5 mg/70 kg) significantly affected only two of the six scales on the HRS (intensity of experience; impaired volition), both of which might be expected to be increased by a sedative-hypnotic drug. Participants were required to choose among 18 possible drugs or drug classes. For the three most relevant drug classes, the example drugs provided were: sedative-hypnotics (Xanax, Klonapin, Ativan, Valium, Librium, Ambien, phenobarbital, pentobarbital); classic hallucinogens (LSD, acid, psilocybin, magic mushrooms, DMT, ayahuasca, LSA, morning glory, mescaline, peyote, foxy methoxy, 2C-B); dissociative anesthetic hallucinogens (ketamine, K, special K, dextromethorphan, DXM, cough syrup, robotripping, skittles, PCP, dippers, angel dust, embalming fluid). Ten drugs or drug classes, which were not selected by any participant, are not shown in the Measures assessed 1 month after drug administration
Measures of mystical experience
Persisting effects questionnaire Approximately 1 month after the final study session, participants rated current persisting effects that they attributed to the experiences during any of the sessions. Positive changes in attitudes about life and self, positive mood changes, positive social effects, positive behavior changes, and increased spirituality showed intermediate rates of endorsement which varied between 46 and 61% of maximum possible scores (Electronic Supplementary Table 2 , available online). Negative or decreased ratings on these same dimensions were relatively low. On the question probing how personally meaningful the session experiences were, 33% (4 of 12) of the volunteers rated the session experiences as "among the five most meaningful experiences of my life" and another 25% (3 of 12) rated the experiences as "among the 10 most meaningful experiences of my life". On the question about the spiritual significance, 58% of the volunteers (7 of 12) rated the experiences as "among the five most spiritually significant experiences of my life". All 12 volunteers reported that study participation increased their current sense of personal well-being and life satisfaction. One volunteer (8 %) reported that his sense of personal well-being and life satisfaction increased "slightly" after study participation, seven volunteers (58%) reported it increased "moderately", and four (33%) reported that it increased "very much". Mean ratings for these three questions are shown in Electronic Supplementary Table 2, available online.
Although the follow-up questionnaire did not allow differentiation between DXM vs. triazolam experiences, in unstructured interviews at follow-up, volunteers attributed the positive persisting effects to sessions on which they thought they had received a classic hallucinogen (i.e., DXM sessions). Of the 11 volunteers assessed for CYP2D6 status, one was a poor metabolizer. That individual received a maximum dose of 600 mg/70 kg DXM but there were no obvious differences in that volunteer's data.
Discussion
This double-blind, ascending dose-response study demonstrates that DXM produces orderly dose-and time-related subjective and psychomotor effects. On several subjective effects measures, the effects of DXM were similar to triazolam, with both producing dose-related increases in subjective domains reflecting a sedative drug effect (e.g., increases in depressant/sedating, mentally slowed down, fatigued/weak, confused/disoriented, and unsteady). Consistent with this, both drugs impaired psychomotor measures (Circular Lights and Balance). Interestingly, although triazolam produced a dose-related decrease in Circular Lights scores, the DXM dose-response curve was relatively flat until the maximum dose was administered. The maximal dose of DXM generally produced greater effects than the highest dose of triazolam on most of these measures. Despite these similarities, DXM and triazolam were clearly distinguishable on other volunteer-rated subjective measures. Triazolam but not DXM increased subjective ratings of sleepy and tired/lazy, decreased ratings of energetic and excited, and increased monitor ratings of sedation. Triazolam but not DXM was identified as a sedativehypnotic by most volunteers. DXM but not triazolam increased blood pressure and heart rate and produced feelings of stimulation (e.g., increased ratings of arousing/stimulating, shaky/jittery, nervous/anxious, restless, and talkative) as well as other somatic effects (e.g., light-headed/dizzy, numbness/tingling, queasy/sick to stomach, and headache). On monitor ratings, DXM increased ratings of distance from ordinary reality, visual effects with eyes open and with eyes closed, restless/fidgety, joy/euphoria/peace, nausea/vomiting, and psychological discomfort, and at the maximum dose only, DXM increased monitor ratings of unresponsive to questions, anxiety or fearfulness, and confusion/disorientation. At the end of sessions, participants reported liking DXM but not triazolam, and DXM increased scores on the Mysticism Scale and States of Consciousness Questionnaire. On the HRS, DXM but not triazolam increased the subscales of somaesthesia, affect, perception, and cognition. Finally, on the Pharmacological Class Questionnaire, participants identified the high doses of DXM as a classic hallucinogen (e.g., like LSD, psilocybin, DMT, mescaline, etc.). Thus, DXM produced effects that were clearly different from the effects of triazolam.
Given that DXM is an NMDA antagonist, it is interesting that several of the effects of DXM showed similarities to those observed in previous research with the classic serotonergically mediated hallucinogen psilocybin (Griffiths et al. 2011) . Comparing across studies, both DXM and psilocybin produced dose-related increases on all six subscales of the Hallucinogen Rating Scale and on two questionnaires assessing mystical-type experience. Furthermore, monitors rated DXM as producing dose-related increases on distance from ordinary reality and visual effects with eyes open and closed. An important caveat is that few studies have investigated the specificity of these measures to identify hallucinogens vs. other drugs. The most compelling observation suggesting the similarity of DXM to classic hallucinogens is from the Pharmacological Class Questionnaire on which these hallucinogen-experienced volunteers rated the similarity of the compound they received to 18 different classes of psychoactive drugs. At both 400 mg/70 kg and the maximum DXM dose, 11 of the 12 volunteers (91.7%) chose "classic hallucinogens" (e.g., LSD, psilocybin, DMT, ayahuasca, mescaline) as the drug they thought they most likely received during the experimental session. The single volunteer who did not choose "classic hallucinogens" after 400 mg/70 kg DXM selected that class after the next dose of DXM (500 mg/70 kg). Thus, between 400 and 500 mg/ 70 kg DXM, all volunteers reported that they had received a classic hallucinogen. Furthermore, mean ratings on a visual analog scale (1-100) of the extent to which the drug received that day was similar to a classic hallucinogen were 93 and 94 at the 400 mg/70 kg and maximum doses of DXM, respectively.
Despite these similarities between DXM and psilocybin, there are notable differences. Most prominently, high doses of DXM produce severe behavioral impairment and vomiting, which generally do not occur after high doses of psilocybin. Furthermore, psilocybin but not DXM produced increases in monitor ratings of stimulation/arousal, tearing/ crying, and ideas of reference/paranoid thinking (Griffiths et al. 2011 ). The conclusion of similarity between DXM and classic hallucinogens is also significantly limited by the study design that did not use a classic hallucinogen as the active comparator and the reliance of comparison of data across different studies. It will be important for future studies to directly compare DXM with psilocybin in the same participants.
The finding that an NMDA antagonist produces subjective effects that are similar to serotonergically mediated hallucinogens is consistent with cellular and preclinical behavioral studies suggesting serotonergic-glutamatergic interactions in the mechanism of action of classic hallucinogens (Fantegrossi et al. 2008; Nichols 2004; Vollenweider and Kometer 2010) . On the basis of electrophysiological studies, Aghajanian and Marek (1999) postulated that changes in glutamatergic transmission in the cerebral cortex may be responsible for the cognitive and perceptual effects of hallucinogens. Drug discrimination studies also suggest functional interactions between serotonergic and glutamatergic neurotransmitter systems in the action of hallucinogens (Winter et al. 2000 (Winter et al. , 2005 . Reviewing recent data, Vollenweider and Kometer (2010) proposed that the classic hallucinogens increase glutamate levels in the prefrontal cortex via 5-HT2A receptors localized on pyramidal cells in the cortex.
An important caveat to interpreting the hallucinogen-like effects of DXM is the unknown extent to which volunteers' expectancies about and histories of prior hallucinogen use influenced the study results. All participants had some prior experience with hallucinogens and indicated that they were familiar with previous research performed in our laboratory with psilocybin. Thus, it is plausible that the volunteers erroneously assumed that they would receive psilocybin in the study. Expectancy is believed to be an important determinant of the effects of classic hallucinogens (Metzner et al. 1965) . This might also explain why most volunteers misidentified DXM as a classic hallucinogen rather than a dissociative hallucinogen. It is also intriguing that individuals with substantial prior hallucinogen experience reported that the laboratory experience was unusually meaningful and spiritually significant. In addition to expectancy, it seems likely that the psychological preparation, social support (before, during, and after sessions), and comfortable and safe setting might have contributed to the participants' positive ratings of their session experiences. Notably, despite these expectancies and setting conditions, triazolam did not produce such hallucinogen-like effects but instead produced subjective sedation and impaired motor performance similar to that observed in previous studies in nondrug using volunteers without expectancies (Carter et al. 2009 ). Future research should evaluate the relative importance of set and setting conditions as determinants of the effects of various drugs.
The present study shows that with appropriate volunteer screening, preparation, and monitoring during sessions, high doses of DXM can be administered safely, and potentially adverse effects including sensory distortions and transient anxiety can be managed. Only one participant reached a stop point by indicating that he/she did not want to receive that drug dose again. This participant reported post-session headache that he/she attributed to DXM. Although most volunteers experienced a variety of seemingly unpleasant effects including nausea and vomiting at some point during experimental sessions, these effects were tolerable. This is likely because volunteers were informed of the wide range of potentially disturbing effects. Additionally, the primary monitor remained accessible via cell phone to each volunteer for the entire time that the participant was enrolled in the study to provide additional support and manage possible delayed effects, but no volunteer called and/or reported distress after the sessions. No lasting distress or persisting perceptual phenomena were reported at the 1month follow-up.
In conclusion, the present study demonstrated that, when administered to volunteers under carefully controlled and supportive conditions, the NMDA antagonist DXM was readily distinguished from triazolam and produced effects on several measures that were similar to those produced by the classic hallucinogen psilocybin. This finding is consistent with a growing body of literature suggesting the importance of serotonergic-glutamatergic interactions in the mechanism of action of the classic hallucinogens. Studies directly comparing the effects of DXM with psilocybin in the same volunteers and examining the effects of NMDA and serotonin blockers could provide important insights into the extent of shared underlying mechanisms of action.
